ligands, ephrinB1 expression was barely detectable in the CA regions, while ephrinB2 expression was mostly confined to CA1, absent in CA3, and weak in the dentate 1F). Since all three EphB receptors are known to interact with all three ephrinB ligands (Flanagan and Vandergyrus, resembling somewhat EphB3 expression ( Figures  1B, 1D , and 1E). The ephrinB3 expression pattern was haeghen, 1998), these expression patterns suggest multiple sites of interactions throughout the hippocampal rather unique with substantial levels in CA1, low levels in CA3, and prominent levels in the dentate gyrus (Figure circuits The consequences of EphB/NR1 complexes for signalimmunoreactivity on neurites of CA1, CA3, and dentate ing events on the postsynaptic side are poorly undergyrus, whereas pyramidal cell soma appeared largely stood. We asked whether in neurons EphB signaling unstained ( Figures 1I and 1J) . Similar results were obwould regulate pathways known to be important for tained using the EphB2 lacZ knockin mice ( Figure 1H ). Adsynaptic plasticity and whether other potent stimuli, ditional sites of EphB2 expression included amygdala, such as glutamate or brain-derived neurotrophic factor neocortex ( Figures 1K and 1L This cross-talk is likely to be specific for Eph and NMDA These antibodies recognize a conserved double tyrosine receptors, since BDNF-induced MAPK phosphorylation motif in the juxtamembrane region of EphBs that serves was not counteracted by ephrins ( Figure 3C ). as a docking site for cytoplasmic effector proteins (reThe cyclic adenosine monophosphate-responsive, elviewed in Wilkinson, 2000). Because this sequence motif ement binding protein (CREB) becomes rapidly phosis retained in the EphB2-␤-gal fusion protein (Henkephorylated on Ser133 in response to a variety of intracelmeyer et al., 1996), we asked whether these tyrosine lular pathways including the ERK/MAPK pathway (Impey residues were phosphorylated. IP using anti-phosphoet al., 1998). Phospho-CREB was detected by immuEphB2 yielded modest levels of a 120 kDa protein in an noblotting after 20 min of ephrinB1 stimulation, correlatanti-EphB2 immunoblot specifically from wild-type, but ing with the kinetics of phospho-ERK. However, phosnot from EphB2 Ϫ/Ϫ tissue ( Figure 2E ( Figures 4A-4D) . Interestingly, we revealed mild changes lated after 1DIV with ephrinB1-Fc (60 min). EphB/NR1 coclusters were visualized by costaining against NR1 in synaptic numbers in the CA1 region of the hippocampus. Micrographs from EphB3 Ϫ/Ϫ animals showed a and ephrinB1-Fc and quantified using NIHImage software counting single receptor sites and colocalized slight, yet significant reduction of synapses compared to controls ( Figure 4E ; n ϭ 3 and 6 animals, respectively; EphB/NR1 clusters. Despite the significant functional redundancy between EphB receptors (Dalva et al., n Ͼ 1000 synapses counted/animal, p ϭ 0.0001), possibly a consequence of the reduced cell density in the 2000), we detected modest yet significant changes in EphB2 Ϫ/Ϫ neurons compared to ϩ/ϩ controls. The num-CA1 region of EphB3-deficient hippocampi. In contrast, EphB2 Ϫ/Ϫ mice showed a slight, but significant increase ber of EphB clusters (stained with ephrinB1-Fc) decreased slightly (20%) in EphB2 Ϫ/Ϫ neurons, indicating in the number of synapses compared to controls ( Figure  4E ; n ϭ 3 and 6 animals, respectively; n Ͼ 1000 synapses the presence of other EphB receptors binding to ephrinB1-Fc ( Figure 4O ). The number of EphB/NR1 counted/animal, p ϭ 0.0001). No significant changes in the number of synapses were found in EphB2 lacZ/lacZ mice, coclusters decreased by a similar margin (20%, Figure  4P ), concomitant with a slight increase in the number indicating that the changes in EphB2 Ϫ/Ϫ mice were independent of the kinase domain of the receptor. of NR1 sites (stained with anti-NR1) in EphB2 Ϫ/Ϫ neurons (15%, Figure 4N ). These findings suggest that in We next asked if lack of EphB2 would alter the distribution and number of NMDA receptor sites in cultured EphB2 Ϫ/Ϫ mice a significant fraction of NR1 receptors no longer coclustered with EphB receptors and encourneurons. Mixed hippocampal and cortical neuron cultures were established from individual embryos derived aged us to investigate whether there may also be defects in activity dependent synaptic plasticity in these mice. from intercrosses of EphB2 heterozygotes and stimu- 
t test). Error bars: SEM, n ϭ number of slices from four mice per animal group. (C) E-LTP is normal in EphB2
Ϫ/Ϫ mice at the CA3-CA1 pyramidal cell synapse. As long as 60 min after theta-burst stimulation (TBS, closed arrow), the fEPSP from control (n ϭ 28 slices from eight mice) and EphB2 Ϫ/Ϫ (n ϭ 28 slices from eight mice) slices were not significantly different. There is, however, a small decrease in the EphB2 Ϫ/Ϫ signal in comparison to control slices over time.
Error bars: SEM. (D) L-LTP of wild-type and EphB2
Ϫ/Ϫ mice is significantly different. In a new set of experiments, recordings from CA3-CA1 pyramidal cell synapses in the hippocampus were recorded for 3 hr after theta-burst stimulation (closed arrow). 170-180 min after TBS, the average potentiation for control slices was 145.8% Ϯ 8.6% (n ϭ 13 slices from four mice) and 122.7% Ϯ 9.1% for the EphB2 Ϫ/Ϫ mice (n ϭ 13 slices from four mice). This difference is significant (p ϭ 0.
03, t test). (E) L-LTP in EphB2
lacZ/lacZ is normal compared to control mice. The average degree of potentiation 170-180 min after TBS was 152.4% Ϯ 6.5% for the control mice (n ϭ 11 slices from four mice) and 149.6% Ϯ 11.6% for the EphB2 lacZ/lacZ mice (n ϭ 11 slices from four mice). The difference between the two groups was not significant (p Ͼ 0.1, t test). Error bars: SEM.
EphB2-Deficient Mice Show Modestly Reduced
fEPSP to provide an accurate indication of basal synaptic transmission. Furthermore, stimulus-response Hippocampal Long-Term Potentiation Before investigating long-term changes in synaptic plascurves were measured in both mutants and compared to wild-type (see supplemental data). In both these reticity, we analyzed wild-type and mutant mice with respect to basal synaptic transmission. To compare the spects, we found that basal synaptic transmission was normal in EphB2 Ϫ/Ϫ and in EphB2 lacZ/lacZ mice (see suppleaverage synaptic responses to baseline stimulation, we averaged five sweeps during baseline stimulation in hipmental data). To measure the NMDA-component of the EPSP signal, we recorded wild-type and EphB2 Ϫ/Ϫ slices pocampal slices from EphB2 Ϫ/Ϫ mice and wild-type mice and found no significant differences in average fEPSP in the presence of the AMPA receptor antagonist DNQX (in low Mg 2ϩ ACSF). Mutant slices showed a trend to-(field excitatory postsynaptic potential) amplitude (see supplemental data). We measured paired-pulse facilitaward a reduced NMDA receptor component. However, the difference was marginal (and also not statistically tion (PPF) by applying two stimuli separated by different time intervals and recorded the evoked fEPSPs. Ϫ/Ϫ mice after TBS, which is known to which is proportional to the number of presynaptic fibers recruited by electric stimulation, with the slope of the be an efficient stimulus to induce LTP (Bliss and Col-lingridge, 1993). All experiments were performed in a strictly blinded fashion, and the genotypes of the mice were only revealed after the final data analysis. Figure  5C shows the summary graph for all E-LTP recordings. Both groups show clear LTP with no obvious difference between genotypes. The average degree of potentiation 55-60 min after TBS relative to baseline mean (100%) was 146.0% Ϯ 6.6% for the EphB2 Ϫ/Ϫ mice (n ϭ 28 slices from eight mice) and 154.1% Ϯ 9.7% for the wild-type siblings (n ϭ 28 slices from eight mice; p ϭ 0.51, t test). 75% of control slices showed successful LTP, compared to 68% of EphB2 Ϫ/Ϫ slices. Since there was a tendency for LTP in EphB2 Ϫ/Ϫ slices to decline more rapidly than control slices ( Figure 5C ), we performed a new series of experiments to analyze long-lasting LTP (L-LTP). In this set, EphB2 Ϫ/Ϫ mice again showed normal PTP and normal E-LTP, but the EPSP slope became significantly different compared to wild-type slices starting 100 min after TBS application ( Figure 5D ). The average degree of potentiation 170-180 min after TBS was 122.7% Ϯ 9.1% for the EphB2 Ϫ/Ϫ mice (n ϭ 13 slices from four mice) and 145.8% Ϯ 8.6% for the wild-type siblings (n ϭ 13 slices from four mice). The difference between the two groups was significant (p ϭ 0.03, t test). 69% of control slices showed successful L-LTP compared to 38.5% in EphB2 Ϫ/Ϫ slices. Interestingly, EphB2 lacZ/lacZ mice showed normal L-LTP, in contrast to EphB2 Ϫ/Ϫ mice ( Figure 5E ). The average degree of potentiation 170-180 min after TBS was 152.4% Ϯ 6.5% for the control mice (n ϭ 11 slices from four mice) and 149.6% Ϯ 11.6% for the EphB2 lacZ/lacZ mice (n ϭ 11 slices from four mice). The difference between the two groups was not significant (p Ͼ 0.1, t test). induction between the two groups, we scored a reduction of fEPSP slope to less than 90% of baseline average 55-60 min after LFS as successful LTD. According to line and then applied a TBS to induce LTP, followed after 10 min by a depotentiation stimulus (LFS of 900 this criterion, LTD occurred in 78.5% of all wild-type recordings (11 out of 14 slices), whereas in the knockout stimuli at 1 Hz for 15 min). Wild-type and EphB2 Ϫ/Ϫ slices showed a normal initiation phase of LTP (first 10 min animals LTD was only maintained in 35% for all recordings (7 out of 20 slices).
levels. To quantify the amount of LTD for the two groups, (C) Depotentiation is rescued in
after TBS application), and depotentiation followed 15 min of 1 Hz stimulation. However, EphB2 Ϫ/Ϫ slices were To analyze depotentiation, we first recorded a base-depotentiated to a much lesser degree than control Figure 7A ). EphB2 Ϫ/Ϫ mice were already impaired during the very first trial, suggesting that they had trouble masslices ( Figure 6B ). 55-60 min after LFS application, contering the early adaptation to the test. During the reversal trol slices (n ϭ 24 slices from six mice) showed on the phase, when the platform was moved to a new position, average a 110.5% Ϯ 6.1% fEPSP slope size (in compariknockouts as well as controls required more time to son to the first 20 min of baseline recording), whereas reach the platform ( Figure 7A ; trial block 10, two-way EphB2 Ϫ/Ϫ mice (n ϭ 20 slices from five mice) showed a ANOVA reversal effect, p ϭ 0.0008; interaction reversal less depotentiated fEPSP size compared to control effect, genotype nonsignificant), suggesting that both slices (132.9% Ϯ 7.0%). This difference was highly siggroups had previously adapted their escape strategy to nificant (p ϭ 0.0023, t test) . the specific platform position. However, while controls We next asked if the presence of the truncated EphB2-spent significantly more time in the former goal quadrant ␤-gal fusion protein would rescue this defect as it did than in adjacent quadrants (ANOVA place, p Ͻ 0.0030), in the case of L-LTP. Figure 6C shows that when treated 
6B, 20 t, 20 min). In summary, these findings indicate a
However, a number of confounds make these results severe defect of EphB2 Ϫ/Ϫ mice in depotentiation, which difficult to interpret, with respect to a potential role was rescued in EphB2 lacZ/lacZ mice, suggesting that this for EphB2 in hippocampal-dependent learning. First, function was again independent of EphB2 kinase acEphB2 Ϫ/Ϫ mice were already impaired during the very tivity.
first trial, suggesting that they had trouble mastering the early adaptation to the test. In addition, slightly reduced swim speed and an increased tendency of some animals Lack of EphB2 Causes Behavioral Defects, for passive floating (data not shown) contributed to the which Are Rescued by Truncated EphB2 reduced escape performance of EphB2 Ϫ/Ϫ mice, making Given the expression of EphB2 in the hippocampus and it difficult to distinguish between a mild impairment in the defects in signaling and activity-dependent synaptic hippocampus-dependent learning and a more general performance deficit. While ultimately the cause of the plasticity in EphB2 Ϫ/Ϫ mice, we set out to examine these behavioral defects in these mice remains unclear, we mice for potential behavioral defects and, in particular, found that these defects, whatever their source, were asked whether the observed defects in synaptic plasticrescued in the EphB2 lacZ/lacZ mice. Unlike EphB2 Ϫ/Ϫ mice, ity would translate into defects in learning and memory. EphB2 lacZ/lacZ mice were indistinguishable from controls While EphB2 Ϫ/Ϫ mutants do exhibit defects in the formaduring both acquisition and reversal learning with retion of forebrain commissures (Orioli et al., 1996) , we spect to all measures of escape performance (Figure suggest it is unlikely that these anatomical defects 7B). EphB2 lacZ/lacZ mutants spent significantly more time would perturb behavior in learning assays, since similar in the former goal quadrant than in the other quadrants defects in humans do not apparently produce learning (ANOVA place, p ϭ 0.0001) during the probe trial ( Figure  and memory abnormalities (Meyer et al., 1998) 
